Summary: Changes in cerebral blood flow ( CBF) because of functional activation are used as a surrogate for neural activity in many functional neuroimaging studies. In these studies, it is often assumed that the CBF response is a linear-time invariant ( LTI) transform of the underlying neural activity. By using a previously developed animal model system of electrical fore paw stimulation in rats ( n = II), laser Doppler measurements of CBF, and somatosensory evoked potentials, measurements of neural activity were obtained when the stimulus duration and intensity were separately varied. These two sets of time series data were used to assess the LTI assumption. The CBF data were modeled as a transform of neural activity (Nj-P 2 ampli tude of thc somatosensory evoked potential) by using first order ( linear) and second-order ( nonlinear) components. AIIn many neuroimaging techniques, changes in cerebral blood flow (CBF) or related hemodynamic measures are used as a surrogate marker for changes in neural activity (Bandettini et aI., 1992; Ogawa et aI., 1990 Ogawa et aI., , 1992. This relationship between neural activity and CBF is known as activation-flow coupling (AFC) (Ances et aI., 1998; Detre et aI., 1998). However, a full description of the AFC transformation is not known. The assumed nature of the AFC transform will impact the validity of infer ences that predict neural activity changes based on ob served hemodynamic measures (Friston et a!., 1995a,b,c; Josephs and Henson, 1999; Vazquez and Noll, 1998) . This study was supported by MHI2078, NS02079, and a grant from the American Heart Association-Southeastern Pennsylvania.
In many neuroimaging techniques, changes in cerebral blood flow (CBF) or related hemodynamic measures are used as a surrogate marker for changes in neural activity (Bandettini et aI., 1992; Ogawa et aI., 1990 Ogawa et aI., , 1992 . This relationship between neural activity and CBF is known as activation-flow coupling (AFC) (Ances et aI., 1998; Detre et aI., 1998) . However, a full description of the AFC transformation is not known. The assumed nature of the AFC transform will impact the validity of infer ences that predict neural activity changes based on ob served hemodynamic measures (Friston et a!., 1995a,b,c; Josephs and Henson, 1999; Vazquez and Noll, 1998) .
though a pure L TI model explained a large amount of the variance in the data for changes in stimulus duration, our results demonstrated that the second-order kernel ( i. e., a nonlinear component) contributed an explanatory component that is both statistically significant and appreciable in magnitude. For varia tions in stimulus intensity, a pure LTI model explained almost all of the variance in the CBF data. In particular, the shape of the CBF response did not depend on intensity of neural activity when duration was held constant ( time-intensity separability). These results have important implications for the analysis and interpretation of neuroimaging data. Key Words: Linear-time invariant transform-Activation-flow coupling-Cerebral blood flow-Time-intensity separability.
A linear-time invariant (L TI) system is one that trans forms input to output via convolution with an impulse response function, the response of the system to an input of vanishingly brief duration (Oppenheim et aI., 1983) . In the context of the AFC system, the input is neural activity and the output is the CBF response. L TI systems obey scaling and superposition, and so they allow quite straightforward inference about inputs based on outputs. Therefore, it is not surprising that the many neuroimag ing analyses assume, either explicitly or implicitly, that the AFC system is L TI (Boynton et a!., 1996; Dale and Buckner, 1997) .
In theory, it is elementary to test for an LTI transfor mation by using suitable statistical methods to determine if there exists an impUlse-response function that can pre dict the output signal from the input signal via convolu tion. In the context of the AFC system used for neuro imaging, there exists a practical difficulty in testing for L TI, because it is not trivial to obtain localized estimates of both neural activity and CBF. As a consequence, in all neuroimaging studies to date, which have tested for an L TI in the AFC system of humans, the CBF response has been measured and neural activity has been assumed to be bear a simple relationship to experimental parameters such as stimulus duration and intensity (Boynton et aI., 1996; Dale and Buckner, 1997; Josephs and Henson, 1999; Rees et aI., 1997; Vazquez and Noll, 1998) .
Authors of two studies that used animal models have examined the relationship between neural activity and the CBF response more directly by measuring both evoked electrical potentials and CBF changes (Mathie sen et aI., 1998 (Mathie sen et aI., , 2000 Ngai et aI., 1999) . Both of these studies demonstrated a positive correlation between changes in CBF and measurements of neural activity, as would be predicted by an LTI model. We have extended this analysis in the current study. By using a previously validated rat model system (Ances et aI., 1998; Detre et aI., 1998) , we measured local changes in CBF by using laser Doppler (LD) and local neural activity, as measured by somatosensory evoked potentials (SSEPs), as a result of electrical forepaw stimulation. Two parameters of the sensory stimulation, duration and intensity, were varied to alter the form of the associated neural response. The relationship between the measured neural and CBF re sponses was modeled with linear and nonlinear compo nents (Bendat, 1990; Friston et aI., 1998) . Under an L TI transform, there would be no explanatory contribution from the nonlinear components.
MATERIALS AND METHODS

Surgical preparation
Adult male Sprague-Dawley rats ( 3 00 to 38 0 g; n = 11 ) obtained from Charles River (Wilmington, MA U.S.A) were initially anesthetized with I % to 2% halothane in 70 % NzO:3 0% O2 by use of a facemask. The tail artery was cannu lated with a polyethylene catheter ( PE-50 ; Clay Adams, Becton Dickinson Pr imary Care Diagnostics, Sparks, MO , U. S.A) for measurement of arterial blood pressure and arterial blood gases. The rats were tracheotomized, mechanically ventilated, and maintained on I % halothane in 70 % NzO:3 0% O2, The head was then secured into a stereotaxic frame and a midline scalp incision made with the scalp retracted over the frontoparietal cortex. A 3 x 3-mm-wide square area overlying the forepaw portion of the somatosensory cortex was thinned by using a saline-cooled dental drill ( Star Titan Low Speed Dental Drill; Star Dental, Lancaster, PA , U. S. A) until only a thin translucent cranial plate remained. Halothane was discontinued af ter sur gery and for at least 45 minutes before data acquisition. After surgery and during all stimulation studies, anesthesia was main tained with 60 mg/kg of a-chloralose given intraperitoneally, followed by hourly supplemental intraperitoneal doses of 30 mg/kg ( Bonvento et a!. , 1 9 94 ). A tail pinch was administered before each supplemental dose of a-chloralose to ensure ad equate depth of anesthesia. Body temperature was monitored with a rectal probe and maintained at 37.0°C ± 0. 5°C by using a heating pad. An arterial blood pressure tracing was obtained at all times to ensure that changes in local CBF were not the result of systemic blood pressure changes ( Detre et a!. , 1 9 98). Arterial blood gases were measured approximately every 45 minutes. Ventilation parameters were adjusted to maintain the Pa c02 at 32 to 39 mm Hg. 
Forepaw stimulation
Electrical forepaw stimulation was performed using two sub dermal needle electrodes inserted into the dorsal forepaw. A function generator (G lobal Specialties, New Haven, CT, U.S. A) was used to control the stimulus frequency. This fre quency was set at 5 Hz, and the pulse width was maintained at 1 . 0 milliseconds. This frequency was chosen because it has previously been demonstrated to lead to maximal changes in CBF ( Detre et a!., 1 9 98). The stimulus intensity was controlled ( Detre et a!. , 1 9 9 8) using a constant current dense stimulus isolation device ( A -36V; World Pr ecision In struments, San Diego, CA, U. S.A). A micromanipulator on a stereotactic co ordinate system ( Stoelting, Wood Dale, IL, U. S,A.) was used to ensure that the probe was normal to the thinned skull. The LD probe (V asamedics, St. Pa ul, MN , U. S.A) was positioned 5 mm lateral to bregma ( Ances et aI., 1 9 98) with all LD measure ments recorded with a time constant of 0.5 second.
Experimental stimulation protocols
Study I. For some rats ( n = 8), the stimulus duration was varied and the stimulus intensity was fixed at I. 0 rnA The stimulus duration levels were 2, 4, 8, and 16 seconds. For all trials, for the different stimulus duration levels, a 4-second "baseline" period preceded the stimulus and a 16-second period succeeded stimulation. Thus, the four levels of the stimulus duration factor corresponded to trial lengths of 22, 24, 28, and 36 seconds. Study II. For some rats ( n = 8; with an overlap of 5 rats from the sample used in study I) , the stimulus intensity was varied and the stimulus duration was fixed at 4 seconds. The different stimulus intensity levels were 0.5, 1 , and 2 rnA For all trials, for the different stimulus intensity level s, a 4-second baseline period preceded the stimulus and a 16-second period succeeded stimulation. Thus, all three levels of the stimulus intensity factors had a trial length of 24 seconds.
Data analysis of CBF measurements by using LD
For both variations in the stimulus duration ( study I) and stimulus intensity ( study II) , the LD signal was acquired at a sampling rate of 10Hz. All LD data were saved as raw voltages and converted to percent changes from baseline by dividing the value observed by the average baseline t10w for the 4 seconds before stimulus application, A set of 10 trials was administered at each stimulus duration ( study I) or stimulus intensity ( study II) . For each level of the relevant parameter. a minimum of two sets of trials was per formed per rat. For study I, only the first trial of each set of 10 was retained for analysis. This decision ( made after preliminary data analysis) was implemented to eliminate apparent CBF re fractoriness effects associated with repetitive periodic stimula tion. Thus, the CBF signals corresponding to a given stimulus duration in study I represent the average of two stimulus trials, which correspond to the first stimulus of each of the two sets of 10. Because the same stimulus duration and interstimulus in terval was used in all trials of study II, the CBF signals that correspond to a given stimulus intensity were averaged across all 10 trials from both sets.
Somatosensory evoked potentials
SSEP s and LD measurements were recorded separately, with SSEP measurements interleaved with LD results. SSEP s were recorded with stainless steel screws inserted into the skull and secured with dental cement. One electrode was placed imme diately behind the thinned skull and a reference electrode was placed frontally near the midline suture.
Evoked potentials were amplified by using a Grass Po ly graph EE G amplifier (Model 7D ; Grass In struments, Boston, MA, U.S.A ) with bandpass frequencies of 10Hz to 3 kHz and were averaged using a Labview virtual instrument. Stimulus conditions were identical to those used for LD measurements, except that a stimulus frequency of 4. 7 Hz was used, instead of 5 Hz, to avoid 60 -Hz interference. Data were acquired at 20 k Hz, starting 10 milliseconds before the forepaw stimulus, and continued for 60 milliseconds. The stimulus trigger was re corded in a separate channel, and a peak detection algorithm for this channel was used to temporally align data for signal aver aging. A single set consisted of 200 evoked potentials with at least two sets performed for each of t he stimulus durations and intensities for each rat. The SSEP data preprocessing yielded a single SSEP wave form per level of the stimulus duration and intensity factor per rat. These were averaged across rats to yield a single SSEP waveform per stimulus duration and intensity. From each of these waveforms, the N I -P 2 amplitude was determined and used as a measure of neuronal activity ( Di and Barth, 199 1; Dimagl et aI ., 1993; Lindauer et aI ., 1996; Narayan et aI ., 1994; Ngai et aI ., 1999) .
Determination of the amplitude of neural activity during the stimulus time periods
For study I, we were able to determine directly the average amplitudes of the SSEP response during the periods 0 to 2 seconds ( e. g., amplitude MO_ 2) ' 0 to 4 seconds (Mo -4) ' 0 to 8 seconds (Mo_ s) , and 0 to 16 seconds (MO_16)' The relationship between the average SSEP amplitude during the periods 0 to 2 seconds (A0--2) ' 2 to 4 seconds (A2-4) ' 4 to 8 seconds ( A 4 _ S) ' and 8 to 16 seconds (AS_16) after stimulation and [MO_ 2 ' Mo 4' Mo_s, MO--I 6l is given by the following linear system of equations: ( 1 ) which was solved for [AO_ 2 ' A2-4 ' A4_ S ' A X _ J 6l T . This allowed approximate neural input functions to be generated. Let ni(mf).T) be the approximated neural input function correspond ing to stimulus duration i ( where m is an integer starting from 0, and f).T is the sampling period of the LD data). We defined the nJmf).T) as follows:
where u(mf).T) is the Heaviside ( or step) function, as follows:
u(mf).T) = 1 for mf).T 2: 0; u(mf).T) = 0 for mf).T < O. For analysis purposes, the ni(mf).T) values were concatenated i n time to yield a single vector n(mf).T).
For study II, the generation of approximate neural activity amplitude time series for the different stimulus intensities was more elementary. Let A I be the averaged SSEP amplitude as sociated with stimulus intensity I, and let n Jmf).T) be the ap proximated neural activity time series corresponding to stimu lus intensity i. We specified the nJmf).T) as follows:
Modeling of the AFC system
The AFC system mediates the transform of changes in neural activity to changes in CBF. This section describes how the AFC system was modeled. The LD time series corresponding to the different levels of stimulus duration ( study I) or stimulus in tensity ( study II) were concatenated in time to yield a single vector y(mf).T) for each study. Each of these concatenated LD time series was f it with two models. Model I was a causal, finite response LTI model with output noise
where n(mf).T) is the approximated neural input f unction ( see preceding section), h J (mf).T) is an unknown impulse response function, and E(mf).T) i s an independent and identically distrib uted error process. Based on previous i nformation about the temporal dynamics of the CBF response ( Ances et aI ., 1998; Detre et aI., 1998; Dirnagl et aI ., 1994; Ngai and Winn, 1995) it was assumed in the current analysis that the duration of the IR F hi (m!1T) would be :S 12 seconds. h1(m!1T) was thus ex panded, in terms of a set of sines and cosines ( with periods of 12, 6, and 4 seconds), as follows:
where p!1T is the assumed duration of the finite system re sponse (P!1T = 12 seconds in this case), and the cb and db are unknown parameters. When Eq. 5 is substituted into Eq. 4, one obtains a general linear model ( Friston et aI., 1994 ( Friston et aI., , 1995 ( Friston et aI., a,b,c, 1998 ) that involves the unknown parameters cb and db' One can estimate these parameters via ordinary least -squares ( Friston et aI., 1998 ) . The purpose of applying model I was to see how validly a pure L TI transform could describe the relationship between the approximated neuronal input and CBF for the dif ferent stimulus durations and intensities. As follows, model 2 was a second-order Volterra series ( Friston et aI., 1998) :
where hi (m!1T) is the first-order Volterra kernel and h 2 (k!1T,I!1T) is the second-order Volterra kernel. We again as sume Eq. 4 for hi (m!1T). For h 2 (k!1T,I!1T), we assume the fol lowing expansion: which also yields a general linear model for Eq. 6 in the un known parameters ( estimated with ordinary least-squares) cb and db ( corresponding to the first-order kernel) and eiab ( cor responding to the second-order kernel ; Friston et aI., 1998) . If the transform between neuronal activity and CBF were L TI , then the value of all of the second-order kernel parameters would be zero. Thus, the question of whether the system has a nonlinear component can be addressed statistically with an F test for the net explanatory contribution of the partition of the parameters corresponding to the second-order kernel ( Friston et aI., 1998 ) .
Standard statistical infcrence assumes independent errors ( Johnston, 19 72) . However, examination of the power spectrum of the residuals of the ordinary least -squares fit of model 2 revealed a strong violation of this assumption. This is expected, given the O. S-second time constant of LD data acquisition. Therefore, the LD time series y(m!1T) was smoothed with a Gaussian kernel (IT = 0.5 second). The effect of smoothing is to make statistical inference more robust to incorrect specifi cation of the intrinsic autocorrelation structure. This smoothing was explicitly accounted for in the ensuing statistical inferences (W orsley and Friston, 1995) .
RESULTS
Physiologic variables
Physiologic parameters for this study I (effect of varia tions in the stimulus duration) were as follows: MAP = 101 ± 4 mm Hg; pH = 7.38 ± 0.04; Paco 2 = 34.2 ± 2.7 mm Hg; and Paco 2 = 118 ± 5 mm Hg (mean ± SD; n = 8). Physiologic parameters for study II (effect of varia tions in the stimulus intensity) were as follows: MAP = 102 ± 3 mm Hg; pH = 7.38 ± 0.03; Paco 2 = 34.7 ± 2.1 mm Hg;andPaco 2 = 116±4 mm Hg (mean±SD;n = 8). There were no significant differences between the two study groups for the different parameters. 
Study I
Qualitative effect of stimulus duration on the CBF response. A characteristic peak change in the CBF re sponse was seen for shorter stimuli of 2 and 4 seconds in duration (Figs. lA and IB). For stimuli longer than 4 seconds (8 and 16 seconds stimuli), the shape of the CBF responses consisted of an initial peak response followed by a plateau phase that persisted for the length of the stimulus (Figs. 1 C and ID). There was no detectable effect of forepaw stimulation on the systemic blood pres sure at any of the stimulus duration (insets for Figs. lA through ID). This result suggests that there was no glob al blood flow effect that contaminated the local LD signal.
SSEP measurements for different stimulus dura tions. Evoked potentials were reliably recorded from the same hemisphere in which CBF changes were measured by LD from all rats (n = 8). wave (p]), then a negative (N]) wave, followed by a second positive peak (P 2)' The p], N], and P 2 latencies and the overall N]-P2 amplitude were assessed across all rats for the different stimulus durations (Table 1 ). The various latencies did not detectably vary across the dif ferent stimulus durations. However, increasing stimulus duration led to a reduction in the N1-P2 amplitude.
AFC system modeling for varying stimulus dura tions. Figure 3 shows the approximated neural input function n(ml1T) that was derived from the transformed N]-P2 amplitudes for the different stimulus durations. As seen in these figures, n(ml1T) consisted of a series of step functions at each stimulus duration. The amplitudes of these step functions were determined by linear transfor mation of the measured SSEP amplitudes (see Materials and Methods). It can be seen that these amplitudes de creased over time, demonstrating neural habituation. Model 1 (Eq. 4) represents an LTI transformation of n(ml1T) to CBF. Model 2 (Eq. 6), because of the pres ence of a second-order kernel, can also represent non L TI aspects of this transform. Figure 4 shows the ob served LD CBF data y(ml1T) overlaid with the least- As seen in Fig. 4 for the variations in the stimulus duration, model 1 does a fair job of explaining the CBF responses (,-2 of model I fit = 0.91). However, it is also evident that model 1 systematically misfits the data to an appreciable extent. This is especially evident for the longest stimulus duration (Fig. 4D) where the pure LTI model clearly overestimates the plateau phase of the re sponse. It is provisionally concluded that an L TI model, although explaining a large amount of variance for this particular experimental manipulation, is not valid. This invalidity was not mitigated by increasing the number of (Figs. 4A through 4D ), which can accommodate some non-LTI components, is visually much better than that of model l, especially for longer stimulus durations (Figs. 4C and 4D) . Accordingly, the total amount of variability explained in the data is increased (R2 of model 2 fit = 0.98). The second-order kernel parameters taken in en semble were highly significant (F(28,59) = 5.5, P < 1 E-6). This implies that the transform from neural activ ity (specifically, the N,-Pz amplitude measure of the SSEP) to CBF change is better described as nonlinear Time (sec) for the experimental manipulation of the stimulus duration. Statistical significance does not convey information about the relative magnitude of the nonlinear fit contri bution. Such information is conveyed by the percentage of the total variance explained by model 2, accounted for uniquely by the nonlinear components, which was 6.3%.
Study II
Qualitative effect of stimulus intensity on the CBF response. A characteristic peak change in the CBF re sponse that was similar in shape was observed for all 4-second stimuli with different stimulus intensities (Figs. 5A through 5C). With increasing stimulus intensity, there was an increase in the peak height of the CBF response. A small increase in the systemic blood pressure was seen only at the 2 mA stimulus intensity (inset to Fig  5C) . This result suggests that there could be a global blood flow effect that contaminates the corresponding local LD signal.
The effect of SSEP stimulus intensity on SSEP am plitude. Figure 6 shows characteristic SSEP responses averaged from a minimum of two sets of 200 evoked potentials from a single representative rat for the differ ent stimulus intensities. P" N" and P 2 waves were ob served with the various latencies not detectably varying across the different stimulus intensities (Table 2 ). An increase in the stimulus intensity led to an increase in the N,-P2 amplitude.
AFC system modeling for varying stimulus inten sities. Figure 7 shows the approximated neural input function that was derived from the N ,-P2 amplitudes for the different stimulus intensities. The amplitudes of these time series during the 4 seconds of stimulation were obtained directly from the measured SSEP amplitudes for the different stimulus intensities (Table 2 ). Figure 8 shows the observed LD CBF data overlaid with the least-squares fits of model I and model 2 for variations in the stimulus intensities. As we see in Fig. 8 , model I does an excellent job of explaining the relation ship between neural activity and CBF responses (R 2 of model 1 fit = 0.98). Nevertheless, the nonlinear com ponents of model 2 provided a statistically significant contribution [F(l5,40) = 4.1; P < 2E-4], albeit one small in magnitude (the percentage of the total variance ex plained by model 2 accounted for uniquely by the non linear components was 0.99%).
The nonlinear component seems to be mostly attrib utable to minor adjustments in the scaling of the CBF responses, as opposed to adjustments in the shape. A system that preserves the shape of the output, when only the scaling of the input is changed, is called time intensity separable (Boynton et aI., 1996) . All L TI sys tems are time-intensity separable, but the converse is not true. Time-intensity separability of the AFC system for the different stimulus intensities is supported by Fig. 9 , which shows the CBF responses normalized by their peak amplitudes. Furthermore, model 2 applied to the amplitude normalized data yielded a nonlinear compo nent that uniquely accounted for only 0.13% of the total explained variance [although it was still significant be cause of the extremely small error variance: F(l5,40) = 2.2; P = 0.03]. This demonstrates that time-intensity separability provides a superb model for the AFC system across the range of neural activity examined.
DISCUSSION
The main findings of this study are as follows: (l) although a pure L TI model explains a large amount of the variance in the data when duration of neural activity is varied, there is also a nonlinear component to the AFC system evident over this manipulation that is both statis tically significant and appreciable in magnitude; and (2) an L TI approximation appears to be reasonable when the intensity of neural activity is varied and duration is kept constant, with very strong support existing for time intensity separability of the AFC system. , . In an attempt to test the hypothesis that the AFC sys tem is L TI, we used a model that entailed several as sumptions. These assumptions included (1) that N '-P 2 SSEP amplitude was a valid measure of neural activity; (2) that there was no error in the measured SSEP ampli tudes; (3) that the neural activity response was a series of rectangular pulses; (4) that any impulse response func tion was of less than 12 seconds duration; and (5) that the CBF time series errors were distributed as a multivariate Gaussian distribution with known autocorrelation struc ture. If the assumptions of our model are correct, then the L TI hypothesis should be rejected if a significant weight ing on second-order kernel coefficients was observed. Our results demonstrated a significant weighting on sec ond-order kernel coefficients when both stimulus dura tion and stimulus intensity were manipulated. In particu lar, the first-order model for longer stimulus durations (8 and 16 seconds) led to salient overestimations of the plateau phase of the LD response. Because of our use of empirical time courses of neural activity, it was shown that neural habituation could not sufficiently explain these results within the context of a linear model. Although nonlinear components of the AFC system were deemed statistically significant when both stimulus duration and stimulus intensity were manipulated, the magnitude of the relative nonlinear contribution was more than six times greater for the duration manipulation compared with intensity manipulation. Furthermore, when amplitude-normalized data were considered, this value increases to 48. This, coupled with the high abso lute explanatory power of the pure L TI model for the intensity manipulation (R 2 of model I fit = 0.98), supports the validity of the use of an L TI approximation for variations of intensity, but not duration, of neural activity. A detail to be considered is the interpretation of the small but statistically significant nonlinear component of the AFC system that was observed in study II. A possible explanation for this result is related to measurement er rors of the SSEPs. Our use of approximate neural activity functions to characterize the AFC system involved two assumptions. One is that the actual neural activity re sponses were rectangular pulses of several seconds in duration. Given the relatively small degree of habituation in neural response over time (as seen in study I), this first assumption seems a reasonable approximation. The sec ond assumption was that the measured SSEPs were with out error. As seen from our measurements in Table 2 , this is incorrect. The consequence of using an independent variable with error in our statistical modeling framework is to bias both our estimates of the AFC system param eters, as well as bias our estimates of their variability (Schoukens and Pintelon, 1991) . Appropriate statistical "error-in-the-variables" models could be used for con sideration of such problems. When using our method, however, bias in the statistical inference is small when the "error-in-the-variables" is small relative to the unex plained variance in the dependent data. So, w� presumed that using a more standard (and more easily implement able and communicable) statistical model than an error in-the-variables model would be a tenable approach. But, given the post hoc observation that the LD time series error was so low in study II (Fig. 8) , it now seems rea sonable to postulate that our result of a statistically sig nificant non-linear AFC component in study II is an ar tifact because of error in the SSEP measurements. If this were true, then averaging of more SSEP trials should make the non-linear contribution even smaller. In any case, the magnitude of the nonlinear contribution in study II was less than 1 % of the total variance explained by the AFC system. Furthermore, the same hypothesis would not explain the statistically significant nonlinear component in study I, because both its magnitude is greater than in study II and the CBF time series error is greater in study I (owing to 10 times fewer trials being used; see Materials and Methods). Our results of a generally good L TI approximation to the AFC system are similar to previous animal studies (Mathiesen et aI., 1998; Ngai et aI., 1999) that have attempted to clarify the relationship between integrated neuronal activity and the peak (Mathiesen et aI., 1998) Vazquez and Noll, 1998) . Boynton et al. (1996) demon strated that an L TI model provides a reasonable approxi mation for the observed BOLD-fMRI signal by using simple visual checkerboard stimuli. Some deviations from linearity between the stimulus duration and the BOLD response were observed with longer stimuli but were hypothesized to be the result of neural adaptation.
However, our results suggest that neural habituation can not fully explain the observed nonlinearities. In another study of linearity, Dale and Buckner (1997) have been examined by using a motor task of different durations (Miller et aI., 1999) . These authors demon strated that, for brief stimuli in the range of 2 to 18 seconds, the arterial spin labeling response was linear with respect to motor task duration, whereas the BOLD effect was not linear. For all of the above neuroimaging studies, the linearity transformation has been analyzed with respect to an assumed neural activity waveform that bore a simple relationship to stimulation parameters. Fu ture studies in humans that measure both neuronal activ ity and hemodynamic response would allow a more ac curate characterization of the AFC system and BOLD fMRI systems.
